In order to obtain a better understanding of the origin of the hydration force, three molecular dynamic simulations of phoepholipid/water multilamellar systems were performed. The simulated systems only differed in the amount of interbilayer water, ranging from the minimum to the maximum amount of swelling in the liquid-crystal phase. The analysis of orientational polarization, hydrogen bonding and diffusion rates of the water molecules between the membranes reveals a strong perturbing effect, which decays smoothly and approximately exponentially (with a decay length of about 0.25 nm) toward the middle of the water layer. The electrostatic potential profiles show that the decay of water ordering is directly correlated with the decay of the interfacial dipolar charges. Therefore, the propagation of the ordering of water molecules is not intrinsic to water but is merely determined by the local field from the interfacial charge distribution. The decay of the electrostatic potentials appears to be as a stretched exponential in all simulated systems. This type of decay can be interpreted as normal exponential but with a varying local decay length. We speculate that it is the fractal nature of the membrane surface which results in the stretched exponential behavior. The hydration force, resulting from the ordering of the water molecules between the membranes, will also exhibit this type of decay and is thus dependent on solvent as well as membrane structure.
I. Introduction
The forces acting between membrane surfaces are mainly of four types: van der Waals, electrostatic, undulation, and hydration. The first two are explained by the Derjaguin-Landau-Verey-Overbeek (DLVO) theory;' the third one is explained by a theory proposed by Helfri~h.~a For the fourth one, however, a satisfying theory is still unavailable. This force is called hydration because it is believed to be due to the structure of water between the surface^.^ The van der Waals force is always attractive and displays a power law dependence. The three other forces are repulsive between most membranes. The undulation force also displays a power law dependence, whereas both the electrostatic and hydration force decay exponentially with distance. Electrostatic and undulation forces only describe the interaction between membranes when the separation between surfaces is larger than about 10 molecular solvent diameters. Below this value the hydration force is dominant, for both charged and uncharged membra ne^.^ Maybe the main reason that the hydration force is still not understood lays in the fact that it only acta a t short distances. Therefore a continuum description (as can be given for the other forces) breaks down and the molecular details have to be taken into account.
Currently there are some theories being developed which try to incorporate the atomic details of the system.596 In order to justify the assumptions being made as well as the 
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Elsevier: Amsterdam, 1984. predictions that follow from these theories, we performed a series of molecular dynamics (MD) simulations of a lecithin/water multilamellar system in the liquid-crystal phase, including full atomic details. Our work presented here forms an extension of earlier simulations on this system.'*8 These simulations were performed in order to develop a realistic model for a biological membrane. The thorough analysis we did convinced us of the reliability of our model. Atom distributions, electron density profile, tail order parameters, area per headgroup, trans/gauche distributions, and more were examined and found to be in good agreement with experimental results. Now we want to use this model to investigate properties and problems which are not well understood. The molecular origin of the hydration force is such a problem where computer simulations can be very helpful. Earlier computer simulations in the field always used simpler modelss13 or were performed in the gel phase.I4
In the next section we will describe the experimental picture of hydration forces and the state of the current theories explaining them. In section I11 we give a description of the objectives of the computir simulations and the model and methods we used to evaluate them. Section IV shows the results followed by a discussion.
Finally we present some conclusions.
Hydration Forces
A. Experimental Section. Hydration forces have been measured by using predominantly the surface-force Q743-1463/93124Q9-3122$Q4.QQIQ 0 1993 American Chemical Society apparatus15 and by the osmotic stress method16J7 with the results displaying good agreement. The general picture that emerges from the experiments is that up to -3 nm lipid bilayers in water repel each other with an (quasi-)exponentially decaying force. The decay constant of the force varies from 0.1 nm to more than 0.3 nm.18 If the lipids are neutral the repulsion is eventually balanced by the attractive van der Waals forces. If the lipids are charged, the repulsion continues but with a decay constant compatible with the value obtained from the double layer theory. At very small distances, i.e. less than 0.5 nm, steric overlap causes a strong repulsive force which dominates all others.lg
The strength of the hydration force as well as its measured decay lengths strongly depends on the type of lipid and their physical state. For instance, a strong correlation is observed between the total potential difference across the membrane and the swelling limit.20 Furthermore, increase in the area per headgroup (e.g. due to branching, gel-liquid crystal phase transition, or addition of cholesterol) seems to greatly enhance the decay length.18 The concentration of ions however seems to be less important.21 From experiments between smooth (e.g. mica) surfaces22 the molecular nature of the hydration force is reflected in its oscillatory character correlated to the size of the solvent particles. Computer experiments14 also find these oscillations between lipid bilayers in the gel phase.
The measurements described above have been performed on systems in aqueous solvents, but it is also known that lipid bilayers swell in some other solvents23 and the results obtained compare quite well with the aqueous case. In addition it is known that hydration forces can be observed to act between other surfaces, e.g. DNA poly-electrolyte~~~ and polysaccharide^.^^ All these facts make the interpretation of the hydration force very complicated. Therefore it is no wonder that different approaches to explain the nature of the hydration force exist. These range from "purelysolvent"26 to "purely lipidw2' type of models.
As we believe, a combination of these two extremes will be closer to reality. Although no satisfying theory has been published yet, several attempts are currently being made to incorporate both lipid and solvent details into one mode1.6*6 We will discuss them below and give our interpretation of them.
B. Theory. Purely Solvent Model. Nearly immedi-
ately after the publication of the first data on the hydration force,le Marcelja and Radic (MR)26 proposed a theory in order to explain the nature of the observed strong force. According to MR theory the force is due to the modification of water structure at the membrane/water interface. Near the interface the water molecules are different from the Langmuir, Vol. 9, No. 11,1993 3123 water molecules in the bulk; they are more "ordered". To describe this "order" one can introduce an order parameter ~( z ) and perform a Landau-type expansion of the free energy density g(z), i.e. write that (1) wherego is the free energy density in bulk water and a and c are constants. The behavior of the order parameter follows from minimization of the free energy density and leads to the following expression of the repulsive pressure p between two interfaces at a distance h g(z) = go + av(zl2 + c(av(~)/az)~ + ... p = 4p0 exp (-hlX) (2) where X = ( c / a Y 2 and PO = avo 2. The value of PO (the pressure when the surfaces are at close contact) is determined by the extent to which the surface orders the water and, therefore, depends on the properties of the surface. The decay parameter X is determined by the extent to which the ordering is propagated through water and therefore, according to the MR theory, is a property of water only.
Since the Landau type expansion has an empirical character, it is important to justify it on molecular grounds.
Gruen and M a r~e l j a ,~~.~~ as well as Kornyshev,3O made an attempt to do this and discovered that they had to assume that the polarization of water is nonlocal. From the minimization of the free energy density the following form for the dielectric function t(k) can be obtained 
where k is the wavelength, eo and e, are the static and high-frequency dielectric constants, respectively, and X is a decay length the value of which is fixed to secure agreement with the measured forces. The theoretical background for this needs to the questioned, however.
Attard et aL31 showed that the assumption of a nonlocal dielectric function is incorrect. Recently, Kornyshev et al. 32 have shown that Attard's criticism is not necessarily correct; hence the dielectric function given by eq 3 may well be a good first approximation for the description of hydration phenomena. The above described free energy approach however remains mainly phenomenological and its physical interpretation unclear. Surface Correlations. Although elegant and simple, the largest flaw of the free energy approach is that the decay constant is independent of the nature of the surface. The experimental data show that this is not the case. Recently, Kornyshev and Leikin (KL)5 extended the MR theory and demonstrated how this dependence can be explained. They replaced the homogeneous boundary conditions used in the MR theory by inhomogeneous ones. These boundary conditions were set up such as to mimick the lateral correlations between the (dipolar) charges at the surfaces. Showing that only correlations between charges at the same surface contribute to the repulsion force, they finally derived an expression for the repulsive pressure similar to eq 2, the main result of MR theory p = pdsinh2[Xef&/21 (4) Here the decay length X,ff is an effective one, depending on the mutual proportions of the "intrinsic" water decay length and the characteristic length and width of the surface correlations. Therefore, according to KL theory, the decay length of the hydration force does depend on the nature of the interface. As Kornyshev and Leikin show the assumptions they made are able to explain at least some of the experimental data Surface Width. Both MR and KL models however consider the membrane/water interface to be infinitely small. No smearing out of charges in the direction perpendicular to the surface is allowed. Various experiments clearly indicate the existence of a broad interf a~e . 3~~ A flat interface is definitely an oversimplification, but the question is how much it will influence the hydration pressure. The most radical point of view was taken by Israelachvili and Wennerstr6m (IW)27 who assumed that the hydration force has nothing to do with water but is a result of the smearing out of the interface only. Based on a very simple model of protruding lipids, they showed that an exponentially decaying repulsive force could result just from the entropic confinement of lipids at opposing membranes. By use of this model, some of the experimental data which could not be explained by MR theory could now be clearly understood.27 Others, however, became suddenly less
In our point of view therefore, the interfacial width has definitelyto be taken into account, but without abandoning the role of the solvent. An attempt in this direction is currently being made by Cevc.'j In his work he tries to treat the screening of surface charge distribution by water molecules analogous to the screening of a charged surface by ions in the well-known electrostatic double layer theory of Gouy and C h a~m a n .~~%~ Instead of real charges on the surface and ion& in solution, he assumes 'surface-associated local-excess charges" p p ( z ) being compensated by "solventassociated local excess charges" ph(Z). The surface charges are not fixed in a plane but smeared out in the direction perpendicular to the surface. Analogous to the Gouy-Chapman theory he then derives the following expression for the total potential near a polar surface
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force is a result of the ordering of solvent molecules due to the presence of two interfaces. It is therefore in the first place an entropic repulsion, as in the case of the overlap between two electrical double layers. Direct electrostatic interactions can even be attractive in the case of favorable charge correlation^.^^ The total hydration free energy (and therefore the resulting hydration force) will depend on an interplay between (at least) three basically different types of mechanisms: one describing the nature of the solvent, another describing the lateral surface-charge correlations, and a third for the perpendicular surface-charge distribution. It is not surprising that the exact expression will be rather complicated, involving all types of cross correlations. Almost certainly, these will give rise to a more complicated decay than a simple exponential. Of course, for systems where one contribution dominates the others, a large simplification can be made. But still a simple exponential decay would be fortuitous instead of naturally occurring. For instance, the most natural assumption to be made for an interface is that it has a Gaussian decay instead of an exponential one, and therefore (see Cevc's theory6) this will be reflected in the hydration force also. The same holds for the contribution of the surface correlations, which already in the simple KL model show combined exponential behavior. The form of an "intrinsic" water decay remains unclear, and so does its value. This is reflected in the large spread of experimentally observed 'intrinsic" decay lengths, which can be as small as 0.075 nm,6 or may have the value of -0.2 nm related to the molecular size of water1s*26 and even become larger than 0.4 nm!6 Considering the complications, any quantitative estimate of hydration forces based on current theories remains highly questionable. The simple single exponential decay as observed experimentally might as well be only a first-order approximation. The apparent decay length then has to be interpreted as an effective one. The noise in the experimental data prohibita a more detailed analysis, however.
Computer Simulations
A. Objectives. It seems that the aid of computer simulations can be very fruitful in elucidating what is happening at the watedmembrane interface on the molecular level. Questions we would like to address in our simulations are as follows: (1) How much do lipids protrude? (2) How does the interface decay? (3) How much is the water being ordered? (4) Does the water exhibit any intrinsic decay? (5) Do we observe an oscillatory or smooth structure of water? (6) What do the electrostatic potentials look like? (7) What determines the decay of the hydration force? Of course, the results of our simulations only directly apply to a bilayer of lecithins in the liquid-crystalline phase, but from this and from comparison to other simulations we can get also some more general ideas about the nature of the hydration force.
Originally we had the idea of computing the chemical potential of the interbilayer water molecules. This should be a direct measure of the hydration force, which is the derivative of this chemical potential. Unfortunately, current free energy methods are only accurate to about 0.5 kJ/mol. This is approximately equal to the total free energy difference to be expected going from an almost dry to a fully swelled bilayer.18 Therefore such a very timeconsuming calculation would not have been meaningful at all. B. Method and Model. As mentioned in the introduction, the work we present here is based on the earlier simulations of a lipid membrane798 The model membrane
The potential depends both on the solvent structure (again by means of some "intrinsic" decay length A) and on the interfacial structure (by means of pp(z)). The same will hold also for the other hydration-dependent thermodynamic quantities, like the hydration pressure, which analogous to Gouy-Chapman theory can be obtained from eq 5 by integration. To solve eq 5, one needs to know how the surface-associated local-excess charges are distributed. The simplest case is assuming an exponentially decaying interface, which will result in an exponential decay of the hydration force with two decay lengths, one due to water and the other directly reflecting the decay of the interface itself. Other, more realistic, surface charge distributions result in more complicated expressions.
C. Qualitative Model. Based on the theories and experimental data as described above, the qualitative picture we have in mind is the following: the hydration 
IV. Results
In this section we present the results of our simulations which we think will contribute to the understanding of the hydration force. First, in subsection A, we describe some properties of the lipid membrane itself. These comprise the bilayer parameters (e.g. area/headgroup, bilayer repeat distance), the interfacial structure (atom distributions), and interfacial mobility. In subsection B, the ordering of the water molecules between the bilayers is analyzed. This is done through the evaluation of hydrogen bonding patterns, diffusion rates, and polarization. Finally, in subsection C, the electrostatic potential across the membrane interfaces is presented.
A. Membrane Properties. Bilayer Parameters. The original system (simulation S, with small water layer) has an equilibrium area per headgroup of 0.575 nm2, which is very close to reported ones (around 0.59 nm2) for DPPC under similar condition^.^^*^ The bilayer repeat distance of 5.6 nm is at the higher end of the experimental data,3394749 ranging from 5.25 to 5.6 nm. Both larger systems experienced swelling in the lateral direction, resulting in a larger area per headgroup of 0.64 nm2. This swelling is also observed e~perimentally,'~@,~~ values ranging from 0.64 to 0.68 nm2. The bilayer repeat distances have increased to 6.2 and 7.1 nm for the M and L simulations, respectively. Experimental measurements give 6.0 nm at c = 0.4350 and 6.7 nm at c = 0.54.l8 Converted to our water weight fraction (assuming a bulk value for the water density), one would expect bilayer repeat distances close to our values.
Interfacial Structure. The most obvious thing to look at, and easily obtained from computer simulations, is the average distribution of atoms across the system. The interfacial distribution of nitrogen, phosphorus, and carbonyl groups together with water is plotted in Figure   1 , for S, M, and L simulations separately. In all three simulations we observe a broad interface. Defining an interfacial width as the distance over which the water density drops from 90% to lo%, we find it to be close to 1.0 nm in all simulations. Water penetrates up to the carbonyl groups and there is still noticeable headgroup density in the water layer. Only the L simulation has a small slice of pure water, with a density equal to the density of bulk SPC water.52 The relative penetration of headgroups into water is largest in the S simulation, which causes a somewhat larger bilayer thickness. The scatter in computed bilayer thickness from experimental mea-suremenW@ makes it unclear whether this is a real feature at low water weight fraction or that it is an artifact of our simulations.
The mutual distribution of the phosphorus and nitrogen atoms does not vary significantly in our simulations, nor does the width of their distributions. The dipole vector connecting the phosphorus and nitrogen atoms has an average orientation of 20° with respect to the bilayer surface, independent on thickness of the water layer. The system we use consists of 64 dipalmitoylphosphatidylcholine (DPPC) lipid molecules arranged in a bilayer, separated by 736 water molecules (11.5 per lipid, water weight fraction c = 0.22). Periodic boundary conditions are applied in all three dimensions, so actually a multilamellar system is represented. Both constant temperature and constant pressure are maintained by coupling to a temperature bath of T = 350 K and by anisotropic coupling to a reference pressure of P = 1 atm.40 The timestep of integration was set to 2 fs. Bond lengths were constrained by the SHAKE m e t h~d .~l *~~ We used the GROMOS43 simulation package and force field which is all-atom except for methyl groups which are treated as united atoms. The water is modeled as SPC.@ Some modifications to the standard force field had to be made to ensure the system to be in the liquid-crystalline phase. The cutoff for Lennard-Jones interactions was 0.85 nm. Eledrostatic interactions were updated every loth timestep using a cylindrical cut-off with radius 1.7 nm in the plane parallel to the membrane surface. In the perpendicular direction all interactions were taken into account. A more elaborate description of all parameters (including the complete force field) is given
We also set up two new systems which differ from the original one only in the amount of interbilayer water. They were generated by inserting a slab of equilibrated SPC water into the equilibrated old system. After energy minimization, an 80-ps run was performed to let the system adopt to its new equilibrium values. The reaching of equilibrium was deduced from the stabilization of cell parameters and energies and was furthermore checked by analyzing various properties over different time frames during the subsequent 80-ps production runs. For the simulation with the largest amount of water, we increased the electrostatic cylindrical cutoff radius parallel to the membrane surface to 2.0 nm. This had a small effect on the ordering of water molecules in the center of the water layer. Some test runs on the other systems (those with fewer waters) showed no noticeable effecta upon enlargement of the cutoff radius. We thus finally analyzed 80-ps trajectories of three systems at different water weight fractions, c: (1) small water layer, labeled "S", old system, c = 0.22 (11.5 waterdipid); (2) medium water layer, labeled "M": new system, c = 0.39 (20.5 waters/lipid); (3) large water layer, labeled "L"; new system, c = 0.56 (29.1 waters/ lipid). The amount of water in the S simulation is about the minimum to keep a stable liquid-crystalline phase, and the L simulation is just above the swelling limit.
The analysis we performed on these three systems includes the computation of atom distributions, hydrogen bonding, orientational polarization, electrostatic potential, and diffusion rates. Since these properties had to be calculated as a function of position along the membrane normal, we divided our system up into slices. Per slice the averaging was done separately, thus creating histograms.
The width of the slices was chosen such as to minimize the noise, but without losing details. Considering the symmetry of the system with respect to the middle of the water layer, all data were averaged over the two interfaces in order to improve the statistics. Biochim. Biophys. Acta 1982,691,   (51) Lewis, B. A.; Engelman, D. M. J. Mol. Biol. 1983, 166, 211.  (62 dipole lying close to the surface (instead of pointing outward) agrees with the experimental picture."
In the remaining part of the paper we will relate the properties of the system with respect to a hypothetical interfacial plane, being in some sense the "mid" of the interface. For this we chose the plane going through the center of the average P and N distributions. This also coincides with the peak in the computed electron density profiles (not shown). The location of the "border" plane of the membrane, as used in experimental ~tudies,'~ is defined as a shift of 0.5 nm away from the interfacial plane toward the water layer. The width of the water layer (or distance between the membranes) is taken as the distance between the two "border" planes. Applying this to our systems, we find distances between the "border" planes to be 0.4, 1.6, and 2.5 nm for the S, M, and L simulation, respectively. The position of both the "interfacial" and "border" planes is also indicated in Figure 1 . The position of the planes is further illustrated by a graphical picture (Figure 2) of one of the systems (MI. Figure 2 also shows clearly the roughness of the membrane/water interface.
To measure the decay of the interface, we considered (54) Seelig, J. Biochim. Biophys. Acta 1978, 515, 105. the distribution of the choline groups, which protrude furthest into the solvent. Their distributions with respect to the interfacial plane are shown in Figure 3 . The curves are very similar in all three different simulations. Due to overlap with the opporring interface, the nitrogen density does not decay to zero in the S simulation. The interfaces in the M simulation are "touchi&', not overlapping. The decay lengths of the nitrogen distributions were calculated for the M and L simulations, starting from the 'border"
plane. Although statistical accuracy in this region is not very high, we still can get a rough estimate of the decay lengths. Fitting to a single exponential resulted in decay lengths of 0.24 f 0.04 nm and of 0.22 f 0.04 nm in the M and L simulations, respectively. The curves could also be fit to a Gaussian with about the same accuracy, however. Interfacial Mobility. In order to get some insight about the mobility of the interface and ita dependence on the width of the water layer, we looked at the diffusion rates of lipid molecules as well as lipid headgroups in all three simulations. The diffusion rateD of particles can be easily obtained in MD simulations from the slope of the mean square displacement (MSD) curve t --Here r ( t ) stands for the position vector of a particle at a certain time. The brackets denote an ensemble average. The factor d is equal to the number of dimensions which are considered (d = 1 for linear, d = 2 for lateral, and d = 3 for bulk diffusion). Since the diffusion of lipids is a slow process (in the order of 10-7-10-8 our simulation time is not sufficient to obtain accurate values for the long time diffusion rates. However, short time diffusion rates (within f10 ps), characterizing the motion of lipids within their local potential wells, can be used as a measure for the mobility of the interface. The MSD curves of the lipids as a whole (in z-direction only) and of the headgroups (averaged over all directions) are shown in Figure 4 . We see that the interfacial mobility does not depend significantly on the amount of interbilayer water. For the lipids, we calculated short time diffusion rates perpendicular to the membrane surface of 6(*1) X 10-8 cm2/a. Neutron diffraction data on DPPC under conditions close to our S simulation give exactly the same value.@ Headgroups, having more freedom, are more mobile. Their (constrained) short time diffusion rate with respect to the center of mass of the lipid is 10(fl) X 10-8 cm2/s (lateral as well as perpendicular).
B.
Ordering of Water. To characterize the ordering of water (or the way in which it differs from the bulk), we calculated the following properties: hydrogen bonding, mobility, and polarization. Together these properties will give some description of the otherwise ill-defined "order" property.
Hydrogen Bonding. The number of hydrogen bonds between a water molecule and ita neighboring water molecules were calculated using a cutoff criterium of 10 kJ/mole for the pair energy, in order to compare to values obtained from bulk SPC simulation^.^^ Since headgroup density is nonzero almost across the entire water layer, the number of hydrogen bonds in first instance just reflecta the water density profile. Therefore we divided the number of hydrogen bonds per water molecule in the slice by the number of neighbors per water molecule in the same slice. The number of nearest neighbors for a specific water molecule is found by counting the number of water molecules within a sphere of radius 0.36 nm (corresponding to the first minimum of the radial distribution function). The described ratio will be a true reflection of the waterwater hydrogen bonding structure. It is shown in Figure  5a for all three simulations. The differences among the three systems is negligible. It is clear that the ability of making hydrogen bonds with other water molecules increases toward the membrane. Especially within the interface, water molecules have an enhanced ability to bind to each other. Away from the interface, the effect disappears rapidly, reaching a value close to bulk SPC (0.56).62 Fitting the curves from the border plane to an exponential yields a decay length of 0.27 * 0.03 nm. In order to see whether there is a noticeable structural difference between bulk SPC water and the interstitial SPC water, we examined the hydrogen bonding network.
To do this we computed the distributions of the water molecules having n hydrogen bonds, with n ranging from 0 to 5. From these we can say that there is a small difference between bulk SPC and "bulk" water in the middle of the water layer in the L simulation (Figure 5b ). In the L simulation, the chance of finding 4-and 5-hydrogen bonded water molecules is enhanced, at the cost of 3-and 2-hydrogen bonded ones. The difference is statistically significant. The same trend is seen in the other simulations as well. The large decrease in hydrogen bonding next to gel phase lipids, as observed by MD simulations,ll is contrary to what we see in our simulations. The reason for this we attribute to the broadness of our interface.
Mobility. The diffusion rates of water molecules can in principle be calculated from the slope of the MSD curve (eq 10). Division of the system into slices poses a problem, however, since moving particles do not tend to stay in a particular slice. In order to restrict the crossing of slice boundaries in an unbiased way, we took into account only diffusion within short time intervals (3 ps), neglecting the initial non-Brownian motion.
The dependence of the diffusion coefficient on position in the water layer is plotted in Figure 6 , for all three simulations. Since the diffusion rates in lateral and perpendicular direction did not differ significantly, only the total rate is shown. The difference among the simulations remains within the noise. It is clear that the mobility of the water molecules increases away from the interface, reaching the diffusion rate of bulk SPC water (7.5 X 105 cm2/s at 349 K).52 One should realize that the calculation of a diffusion coefficient in a slice is not very accurate. Therefore the apparent overshoot of the value of the diffusion in the middle of the water layer in M and L simulations may be due to the noise in the calculation.
A separate study on the permeation of water through the membrane59 already showed that the slowing down of the water molecules near the interface is caused by the presence of headgroup atoms. Their partial charges invoke large hydration shells, thereby immobilizing the hydrated water molecules.
Polarization. The orientational polarization of water was originally identified28y29 as the "order" parameter in the Landau-type expansion of the free energy density (eq 1). Although this phenomenological approach is definitely an oversimplification, the orientational polarization remains the most direct way to characterize the order.
The orientational polarization was calculated by taking the cosine of the angle between the water dipole vector and the membrane normal, i.e. the projection of a unit vector in the dipole direction onto the membrane normal. A positive value indicates an orientation with the dipole pointing toward the membrane. The results are plotted in Figure 7 . The polarization profiles exhibit an exponential decay from the surface that is similar in all three simulations. The water orientation becomes random in the middle of the water layer (or at least too small to be separated from the noise) in both M and L simulations. As is to be expected, the polarization is largest in the interfacial region where the charge density is largest. The orientation of water is such as to compensate for the P-N dipole of the headgroup, thus with hydrogen atoms pointing toward the membrane. Although the curves have a considerable noise, we do not see any obvious oscillations as have been observed in previous simulations of gel phase membranes.1°J1J4 Likely a combination of larger protrusions, higher mobility, and higher temperature result in an averaging out of the solvent details in the liquidcrystalline phase. The polarization profiles can all be fit fairly well by an exponential (starting at the "border" plane) with a decay length of 0.22 f 0.03 nm.
For comparison, we also included the polarization decay of water between glycolipid membranes (the details of these simulations will be reported elsewherem). The main difference between the glycolipid system and the phospholipid ones is that the former one possesses smaller surface dipoles and an interface which is not as broad.
The effect of these differences on the polarization profile is clear. The absence of polarization of the water molecules however does not automatically mean that the glycolipids are not hydrated. On the contrary, clear first and second hydration shella are observed for the glycolipid headgroup atoms.m The polarization of water next to a rather smooth decane layeP1 is also much smaller compared to the polarization we observe next to our membrane. In absence of any charges, only geometrical constraints will play a role which seem to be much weaker than the electrostatic constraints.
C. Electrostatic Potential. The ordering of water molecules as described in the previous section is of course being caused by the disturbing presence of (two) membrane surfaces. As we already observed for the orientational polarization of the water molecules, the presence of a (partial) charge density must influence this ordering significantly. In order to investigate the role of charges, we calculated the electrostatic potential across the interface and water layer. It can be obtained easily from the simulations through the numerical evaluation of the double integral of the charge density MD computer simulations allow for the "unphysical" splitting of this potential into ita constituent parts, the lipid and water molecules separately. The results (lipid, water, and total electrostatic potential) are shown in Figure  8 . We note that this potential is the electrostatic potential consistent with the computed charge density using Poisson's equation, without using a cutoff radius as in the simulations.
The lipid potential is built up across the interface and has a positive sign in the water layer compared to inside the membrane. This must be so since the P-N dipole vector is pointingtoward the water layer. The contribution to the lipid potential of other charges in the lipid (such as carbonyl dipole) appeared to be very small. The potential levels off toward the bulk, analogous to the nitrogen distribution (compare Figure 3) . The potential of water is almost an exact mirror image of the lipid potential, which means that the lipid charge density is almost completely compensated by the opposed net charge density due to the orientation of the water dipoles, as is to be expected from a high dielectric medium. More interesting, however, is that almost complete compensation occurs everywhere in the interface. The same effect was observed in a simulation of sodium decanoate/ decanol/water.62 Therefore, the total potential arising from both lipid and water charges remains rather small. Interesting is the difference between the S simulation, on one hand, and the M and L simulations, on the other. Whereas in the S simulation the total potential is negative, which means that the water molecules actually overcompensate for the lipid dipolar charges, in the other two simulations the lipid potential wins. This effect can be understood from our simulations by looking at the relative penetration depth of water with respect to the headgroups (see Figure 1) . The penetration is larger in the S simulation, which means that more water molecules can compensate for charges that are buried deeper in the membrane.
Experimental measurements on lecithin m~n o l a y e r s~~ as well as bilayer~~~@@j show that the total potential across the interface is negative, its value being between 200 and 500 mV depending on the type of the measurement. This matches our result for the S simulation quite nicely. It also shows that water overcompensation, instead of the carbonyl dipole as is also a s~u m e d , s~*~~ can indeed be the cause of the negative total potential. This cannot be derived directly from experiments. The positive total potential observed in the other simulations may well be due to the fact that the small total potential results from the near-compensation of two large potentials and will be sensitive to details of the simulation parameters such as the cutoff method used. Actually, the same feature was Figure 9 . Fit from the interfacial plane of the electrostatic potentials to a stretched exponential for headgroups (triangles, dashed fit) and for water (circles, solid fit). The sign of the potentials of water is reversed for comparison. Inserted graphs show the same data but with alogarithmic y-axis. The parameters of the fits (for headgroups and water, respectively) are as follows: in simulation S, B = 1.6 and 1.7, I = 0.28 and0.31 nm; in simulation M, j 3 = 1.6 and 1.3, I = 0.37 and 0.37 nm; in simulation L, / 3 = 1.4 and 1.3, I = 0.39 and 0.39 nm.
observed in a simulation of a DPPC monolayer with excess water, using approximately the same simulation parameters.68 Since all potential curves are very smooth as a result of the double integration, the fitting to exponential functions can be done quite accurately. However, for the total potential, being close to zero all the time, this is not the case. Nevertheless the actual decay of the total potential is determined by the decay of its constituent parts (lipid and water). We first tried to fit the curves to a single exponential, starting at the interfacial plane. We found a decay length of 0.4 nm, but the fit was not very good. Fitting the potential from the "border" plane gave a decay length of around 0.25 nm. So it seems that the decay length is not a constant but decreases toward the middle of the water layer. This can be clearly seen on a logarithmic scale (see Figure 9 , inserted graphs). A single exponential decay would have resulted in a straight line of these plots, which is definitely not the case. Considering the still curved appearance of the potentials on a logarithmic scale, we therefore tried to fit the potential to a stretched exponential J.W = J.,, ~XP[-WX,,,)~I
(8)
The result of this fit is also shown in Figure 9 . As can be seen, the quality of the fit is very good, even on the . Border plane (dashed) is also shown. Curves were calculated from the fits to stretched exponentials (Figure 9 ). logarithmic scale. The optimal values we found for the parameters Ask ranged from 0.3 to 0.4 nm and for B from 1.3 to 1.7 (see legend of figure 9). The differences of these parameters for headgroup with respect to water potential are insignificant. The differences between the three simulations, however, seem to be significant and finds its origin probably in the differences in the interfacial charge distributions.
The physical meaning of the parameters A, , and fl is as yet unclear. A 'local" decay length of the potentials can be extracted from the curves in Figure 9 by taking the derivative on a logarithmic scale, i.e. considering the stretched exponential locally as a single exponential with decay length X(z). The result of this calculation is shown in Figure 10 . It clearly indicates a decreasing decay length, dropping from around 0.4 nm close to the interface to around 0.2 in the middle of the water layer.
V. Discussion
The first important feature to appear from our simulations is that the membrane/water interface is very rough indeed. The width of the interfacial region measures about 1.0 nm, which means that the thickness of the two interfacial regions comprises 40% of the t o t a l membrane! Just based on these numbers one could already conclude that the interface has to be modeled in three dimensions. This we also concluded from our MD study of the permeation of water through a lipid modeled with the same system. Actually, the interface stretches out even further, as can be clearly seen from the graphical representation (Figure 2) . Especially choline groups extend from the membrane quite far into the water layer. This picture resembles the schematic picture of the protrusion However, neither our data on lipid mobility nor the distribution functions of headgroup atoms support the idea of an entropic confinement of the headgroups as the intermembrane distance gets smaller. However, our simulations are too short to include the effects of long-time diffusion. Hence the significance of entropic confinement cannot be assessed from our simulations.
From our analysis concerning the ordering of water, it is clear that the water structure is highly perturbed by the presence of the two membrane surfaces. Bulklike water is only found at a distance of 1.0 nm away from the 
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interfacial plane. And even then, the hydrogen bonding pattern as well as diffusion rates still show some small, but significant, deviations.
The roughness and dynamical nature of the interface smear out the oscillatory behavior that is expected from the molecular nature of the system. The decay of all properties concerning the water ordering is therefore rather smooth. The largest decay occurs already within the interface itself. Moreover, it seems to be determined by the decay of the interface! Comparing for instance the decays of the orientational polarization (Figure 7) or the hydrogen bonding pattern (Figure 5a ) with the decay of the choline density (Figure 31 , it appears that they are all very similar, with a decay length around 0.25 nm.
The idea is affirmed by the behavior of the electrostatic potentials (Figure 8 ). They show that water molecules almost completely compensate for the potential arising from the lipid charges, over the full region where charges occur. It therefore seems that the water molecules are primarily ordered by the local charges of the lipid atoms. The decay length of this ordering will then naturally be the same as the decay length of the interfacial charges themselves. If any "intrinsic" decay length of water (whatever that means physically) would be of comparable or larger magnitude, we would have expected to see the water decay lagging behind the interfacial decay. Since we do not observe this, we conclude that the charge distribution due to local partial dipolar charges in the interfacial region directly determines the ordering of water molecules, overruling any "intrinsic" water decay.
This conclusion compares very well with the idea behind Cevc's model.6 Within this model, assuming that the interfacially induced decay of water is dominant, the hydration force will reflect the distribution of surface charges via the electrostatic potential. In order to get some insight into the hydration force in our system, it is therefore tempting to look at the decay characteristics of either the interfacial charges of their resulting potentials. The former possibility however poses the problem of which charges to choose. In first instance one could take the decay of just nitrogen atoms as being representative for the interfacial charge distributions. Its decay length around 0.23 nm nicely matches the experimental value of 0.21 nm for the decay length of the hydration force between DPPC membranes in the liquid-crystalline phase.18 But by considering only nitrogen atoms, any correlations between interfacial charges are neglected. This problem does not arise when the decay of the electrostatic potentials is considered, since all correlations are already incorporated. Besides, they are much smoother, so fitting can be done more accurately.
As we have seen, the electrostatic potentials can be fitted best to stretched exponentials instead of normal ones. These can be interpreted as having a continuously varying decay length instead of one single decay length. But where do they come from? Stretched exponentials appear in the description of the relaxation times in many diverse systems, such as dielectric relaxation in polymers, magnetization in spin glasses, and the decay of the luminescence in porous glasses.69 The stretched exponential behavior is also appearing in the experiments and theory describing the double layer impedance,'O and this is related Langmuir, Vol. 9, No. 11,1993 3131 to the roughness of the surface and its fractal character.
More generally, stretched exponentials are intimately connected to fractal properties of the underlying distribution.'I As we have seen from our simulations the phospholipid surfaces are very rough and therefore it is likely that a fractal description of the surfaces is appropriate. We shall limit ourselves to these remarks within the scope of the present article and address the fractal properties of membranes separately in the future.
An important consequence of the stretched exponential behavior is the appearance of a decreasing decay length. The question now is: how does this relate to the exper-imental18 observation of a single exponential with decay length of 0.21 nm and certainly not around 0.4 nm, the value we find in the interface? To us it seems that only the decay length of the tail of the potential functions is reflected in the measured hydration forces. Bringing the bilayers together, predominantly the unbound waters, i.e. the waters away from the interface, get squeezed out. The waters in the interfacial region are not likely to contribute. The experimental decay length is approximately observed over a distance range of 0.5-2.0 nm between the "border" planes. Within this range, the decay length of the electrostatic potentials is indeed around the experimental value. The difference between stretched exponential and single exponential behavior is probably too small to be derived from experiments. By use of data of Simon and McIntoshlg both types of fitting could be done with the same accuracy. Therefore, experiments probably only trace an effective decay length. 
VI. Conclusions
From our simulations we conclude that the structure of water is perturbed by the presence of two phospholipid interfaces in the liquid-crystalline phase. This is evident from the results on orientation, hydrogen bonding, and diffusion. The ordering of water is smoothed out due to the broad and dynamic nature of these interfaces. Due to the broadness of the interface, the decay of water order is predominantly determined by the decay of the interfacial dipolar charge distribution. The electrostatic potentials arising from the charge distributions show a stretched exponential decay, which may be related to the fractal nature of the membranelwater interface. We expect that the hydration force exhibits the same type of decay, reflecting the detailed geometry of the interface. The hydration force thus will depend on both the solvent structure and the amount of protrusion of the lipids.
